In order to investigate the role of cortisol in the regulation of testicular function, adult male guinea pigs were challenged with ACTH (20 IU), cortisol (8 or 16 µmol), or with ACTH plus dexamethasone (DEX, 2 µmol). The amounts of cortisol, testosterone, progesterone, and androstenedione present in the plasma or secreted by incubated adrenals or testes were determined by radioimmunoassay. The plasma concentrations of LH were determined using a radioimmunoassay for rat LH. ACTH treatment elevated cortisol plasma concentrations to 999% of control values, whereas it reduced testosterone plasma levels to 43% of control values. ACTH treatment did not affect LH plasma levels. A significant negative correlation was found in ACTH-treated animals, when the cortisol and testosterone plasma concentrations in serially taken blood samples (30-240 min after treatment) were compared (r s = 0·90 and r s = 0·99, P<0·05). In addition to cortisol, ACTH raised progesterone and androstenedione plasma concentrations. If animals were treated with 2 µmol DEX+ACTH, the plasma levels of cortisol and androstenedione but not of progesterone, testosterone or LH were changed. ACTH stimulated the in vitro secretion of cortisol, progesterone and androstenedione by the adrenals but reduced the in vitro release of androstenedione and testosterone by the testes.
Introduction
Stress and other conditions that elevate the plasma concentrations of glucocorticoids reduce the testosterone concentrations in the plasma in all mammalian species. However, no consensus has been achieved on the issue of whether glucocorticoids affect testicular function indirectly through a neuroendocrine mechanism, or directly interact with Leydig cells. While there is some evidence for an indirect, luteinizing hormone (LH)-dependent mechanism (du Ruisseau et al. 1978 , Gray et al. 1978 , Welsh & Johnson 1981 , Charpenet et al. 1982 , Lalau et al. 1990 , Briski et al. 1995 , numerous investigations demonstrated a direct influence of glucocorticoids on Leydig cells. For example, in humans, elevation of cortisol plasma concentrations resulting from insulin-induced hypoglycemia or the administration of cortisol was followed by a rapid decrease of testosterone plasma levels, without accompanying changes in LH (Cumming et al. 1983) . A similar pattern was observed in rats subjected to immobilization or psychosocial stress (Sapolsky 1985 , Monder et al. 1992 , 1994a , Orr et al. 1994 , Maric et al. 1996 or in rats treated with adrenocorticotropic hormone (ACTH) (Mann et al. 1987) . In accordance with these results, in vitro investigations showed that glucocorticoids directly inhibit testicular steroidogenesis (Bambino & Hsueh 1981 , Welsh et al. 1982 , Hales & Payne 1989 , Srivastava et al. 1993 . On the other hand, a significant increase of steroidogenic capacity of purified Leydig cells was reported if endogenous glucocorticoid plasma levels were reduced by adrenalectomy (Gao et al. 1996) .
In the present study, the role of cortisol in the ACTHinduced changes of the testicular function in guinea pigs was investigated. The advantages of working with guinea pigs were: (1) blood samples could be frequently taken without difficulty or major stress for the animals (Sachser 1994) , (2) testosterone plasma levels are reproducibly suppressed by mild stressors (Sachser 1994) or ACTH treatment (Belanger et al. 1990) , and (3) previous work in ACTH-treated animals indicated a relationship between the plasma concentrations of cortisol and testosterone (Fenske 1996) . The experiments reported here have three major objectives: to determine the effects of ACTH on the plasma levels of testosterone and its precursor, to test whether the LH plasma levels were changed after challenging the animals with ACTH, cortisol or dexamethasone, and to investigate the influence of elevated ACTH/ cortisol plasma concentrations on the secretion of steroids by isolated adrenals and testes.
Materials and Methods

Materials
Unlabelled steroids were purchased from Sigma Chemical Co. (Deisenhofen, Germany). Tritiated steroids for radioimmunoassay were purchased from NEN-Chemicals (Bad Homburg, Germany). Organic solvents and chemicals (analytical grade) were used as obtained from Merck (Darmstadt, Germany). Synthetic ACTH (Synacthen depot), cortisol 21-hemisuccinate (sodium salt, Hydrocortison 250) or dexamethasone (decadron-phosphate) were obtained from Ciba-Geigy (Weil, Germany), Upjohn (Heppenheim, Germany) or Sharp and Dohme (Munich, Germany) respectively.
Animals and treatment
Animals Adult male guinea pigs (Cavia aperea f. porcellus; mean body weight: 827 34 g), born and reared in our animal house, were used. They were housed in wooden enclosures (floor size: 1·5 m 2 ) in groups of 10-15 in a temperature and light-controlled room (22 C; light 0700-1900 h). Animals were given free access to food (pellet diet C 3022, Altromin, Lage, Germany) and water.
Treatment All substances were dissolved in 0·2 ml saline and were intramuscularly administered at the same time (1100 h), with the exception of dexamethasone (0900 h). In the first experiment, animals were injected with saline (n=50) or 20 IU ACTH (n=60). They were killed 4 h later and blood was collected from the trunk.
In the second experiment, animals were treated with saline (n=6) or 8-16 µmol cortisol (n=4). They were killed 4 h after treatment.
In the third experiment, animals were treated with saline (n=6) or 20 IU ACTH (n=8). Before as well as 20-240 min after injection, blood samples were taken by puncturing a lateral ear vessel.
In the fourth experiment, animals were injected with saline (n=8) or 20 IU ACTH (n=8). They were killed 4 h later and blood was collected from the trunk. Two other groups of animals were treated with 2 µmol dexamethasone, and 2 h later with saline (n=12) or 20 IU ACTH (n=12). They were killed 4 h after the last injection and blood was collected from the trunk.
In the fifth experiment, animals were injected with saline (n=8) or 20 IU ACTH (n=8). The animals were killed 4 h later. Adrenals and testes were removed and cooled in ice cold medium (Medium 199) . Tissue was dissected free from adherent fat and connective tissue, sliced into eight pieces of similar size and preincubated in 100 ml medium at 37 C for 1 h. Tissue was then incubated in fresh medium (60 ml) for 2 h. Then incubation media were centrifuged and were kept frozen at 24 C until analyzed by radioimmunoassay.
Hormone measurements and statistics
Steroids Aliquots of plasma, incubation/superfusion samples or tissue extracts were placed onto kieselguhr (Extrelut, Merck) minicolumns and steroids were extracted with methylene chloride (cortisol) or diethyl ether (progesterone, androstenedione, testosterone). Steroid recovery (mean .., n=5) was 90 4% (cortisol), 92 3% (progesterone), 94 3% (androstenedione) and 89 4% (testosterone). After evaporation of the organic phase, steroids were dissolved in diluted antisera which were kindly provided by Dr Christine Maser-Gluth (Department of Pharmacology, University of Heidelberg, Heidelberg, Germany). The specificity of the antisera used was previously reported (Fenske 1986 ). The sensitivity was 10-15 pg (testosterone) and 20-30 pg (cortisol, progesterone, androstenedione), the coefficients of intra-and interassay variations ranged between 6 and 9% and 8 and 12% respectively. Further details on the performance and characteristics of the radioimmunoassays used were reported elsewhere (Fenske 1986 ).
LH Plasma LH levels were assayed as described previously ( Jarry et al. 1991) . Estimates of dilutional parallelism were made with crude extracts of guinea pig pituitaries or with plasma of castrated male guinea pigs. LH plasma concentrations are expressed in terms of NIAMDDK-rLH-RP-2. One assay was performed to measure LH in the experimental samples. In this assay, the coefficient of variation was 7·9%, and the sensitivity was 0·01 ng/tube, corresponding to 0·1 ng/ml plasma.
Statistics Data are given as mean values ... The significance of the observed differences was calculated using the Mann-Whitney U-test for unpaired data and the Wilcoxon matched-pairs rank test for paired data. For regression analyses, the product moment coefficient of correlation was used. Differences between the mean values of saline-and ACTH-, cortisol-or dexamethasone-treated animals were considered significant if values exceeded the 5% probability value.
Results
Cortisol and testosterone plasma levels in saline-treated guinea pigs were 314 33 nmol/l and 16 2 nmol/l respectively. Four hours after ACTH administration, the cortisol concentrations in the plasma were strikingly elevated. In contrast, testosterone was significantly reduced (Fig. 1) . A comparable decrease of the testosterone plasma levels occurred if animals were treated with 8 or 16 µmol cortisol. On the other hand, LH plasma concentrations remained unchanged (Fig. 2) .
To determine the temporal changes of the cortisol and testosterone concentrations in the plasma of ACTHtreated guinea pigs, blood samples were taken before as well as 20-240 min after injection. As shown in Fig. 3 , the cortisol plasma concentrations linearly increased during the first 60 min after injection (r s =0·94 and 0·99, P<0·05); they reached maximum values at 120 min (n=2) or at 240 min (n=6). In six of eight animals the testosterone plasma levels were increased within 20 min after ACTH injection. In contrast, in all animals they were lower than the pretreatment levels at 60-240 min (P<0·01). Furthermore Fig. 3 illustrates that testosterone was reduced to a minimum when cortisol was increased to a maximum. The comparison of steroid plasma levels in individual animals (30-240 min) revealed a significant, negative correlation in seven out of eight animals, with coefficients of correlation ranging between r s = 0·90 and r s = 0·99 (P<0·05).
In addition to the marked increase of cortisol and the reduction of testosterone plasma concentrations, ACTH affected also the plasma levels of testosterone precursors but not of LH (Table 1) . If animals were treated with 2 µmol dexamethasone+20 IU ACTH, plasma levels of cortisol and androstenedione were significantly elevated. On the other hand, in the same individuals no changes in the plasma concentration of progesterone, testosterone or LH were found (Table 1) .
To determine whether the observed changes of steroids in the plasma of ACTH-treated animals were due to the alterations of adrenal and/or testicular function, animals were injected with saline or ACTH, and the in vitro secretion of steroids by the adrenals or testes was determined. The results are summarized in Table 2 . Similar to the changes in the plasma, the adrenal secretion of cortisol, progesterone and androstenedione was stimulated by ACTH. In contrast, the release of testosterone was not affected. While the secretion of progesterone was not changed, the output of androstenedione and testosterone by testes of ACTH-treated animals was significantly diminished.
Discussion
Results presented in this investigation agree with earlier work in guinea pigs (Belanger et al. 1990 , Sachser 1994 , Fenske 1996 ) and other rodents (Saez et al. 1977 , Charpenet et al. 1982 , Sapolsky 1985 , Orr et al. 1994 , Maric et al. 1996 which reported a marked fall of androgen plasma levels following ACTH administration or exposure to stressors. These results support the assumption of Diczfalusy and co-workers (Goncharov et al. 1979 ) that the testosterone decline during increased adrenal activity may have a common mechanism in most mammalian species, and that androgen changes can be used as a distinct indicator of adrenal hyperactivity in males. However, the present investigation shows that ACTH has a stimulatory as well as an inhibitory effect; in most of the animals tested, testosterone secretion was stimulated during the first 20-30 min, and was inhibited 60 and 240 min after ACTH administration (Fig. 3) . This stimulatory ACTH effect agrees with observations in the rat , rabbit (Faulborn et al. 1979 ) and boar (Liptrap & Raeside 1975 , Hahmeier et al. 1980 , Pitzel et al. 1984 . After the short-lasting increase, a rapid decline of testosterone below pretreatment levels occurs in the guinea pig as well as in the rat, rabbit or boar. The different ACTH effects on testosterone plasma concentrations cannot be explained at this point. However, it seems reasonable to assume that ACTH initially stimulates testosterone secretion by increasing the systemic arterial blood flow (Bertolini et al. 1986 ) and/or the regional testicular blood flow (Varga et al. 1969) . However, the stimulation of testosterone secretion is reduced or even inhibited if the cortisol plasma concentrations reach a threshold value. The results presented in Fig. 3 suggest that the threshold concentration in guinea pigs is >1200 mmol/l; however, threshold levels in the eight animals greatly varied.
Nevertheless, these findings agree with the hypothesis of Monder and co-workers (Monder et al. 1992 , 1994a , Gao et al. 1996 that the inhibition of testosterone takes place if the intracellular cortisol concentration exceeds the capacity of the 11-hydroxysteroid dehydrogenase to inactivate it. In this context, it is worth mentioning that dexamethasone Table 1 Influence of dexamethasone (DEX) or ACTH treatment on plasma concentrations of steroids and LH. Single-treated animals were injected with saline (n=8) or 20 IU ACTH (n=8) and killed 4 h later. Dual-treated animals were injected with 2 mol DEX and 2 h later with saline (n=12) or 20 IU ACTH (n=12) and killed 4 h after the second injection. Vales are means S.E.M.
Single treatment Dual treatment
Saline ACTH P DEX/saline DEX/ACTH P
Plasma levels
Cortisol (nmol/l) 244 25 2431 116 <0·002 52 17 2612 135
blocked the ACTH-induced decrease of the plasma testosterone concentration (Table 1) , and that dexamethasone pretreatment neither reduced the LH plasma concentrations (Table 1) nor affected the human chorionic gonadotropin (hCG)-induced increment in the plasma testosterone of guinea pigs (data not shown). These findings disagree with previous results which demonstrated: (1) a drop of testosterone plasma levels after dexamethasone injection (Saez et al. 1977 , Chantaraprateep & Thibier 1978 , Kim et al. 1985 , (2) a decreased in vivo response of the testes to luteinizing hormone-releasing hormone (LHRH)/LH (Chantaraprateep & Thibier 1978) or to hCG (Saez et al. 1977) after dexamethasone pretreatment, (3) a dexamethasone-dependent reduction of basal testosterone secretion by cultured Leydig cells (Saez et al. 1977 , Agular et al. 1992 , Monder et al. 1992 , 1994b , and (4) a dexamethasone-induced suppression of the hCGstimulated testosterone secretion in vitro (Bambino & Hsueh 1981 , Welsh et al. 1982 , Agular et al. 1992 , Orr & Mann 1992 .
The discrepancy between these results and those reported in the present investigation cannot be explained at this point. However, the finding that the LH plasma concentrations in guinea pigs were not influenced by dexamethasone may be explained by the fact that the guinea pig glucocorticoid receptors have a much lower affinity for dexamethasone than those in other rodents (Hodgson & Funder 1978) . Assuming that the guinea pig pituitary gonadotropes have a similar, low affinity for dexamethasone as other glucocorticoid receptors, the results presented in Table 1 would indicate that the applied dexamethasone amount was too low to affect pituitary LHRH receptors. On the other hand, dexamethasone treatment effectively blocked the cortisol-induced suppression of the testosterone plasma concentrations. At this point, the mechanism of the dexamethasone-cortisol interaction in the Leydig cell is not known. One possibility is that dexamethasone binds to the Leydig cell glucocorticoid receptor but does not have an intrinsic activity on steroidogenesis. However, to test whether this assumption is valid or not, further in vitro studies with cultured guinea pig Leydig cells have to be undertaken. The observation that LH plasma levels were not changed in guinea pigs (this work) or rats which were stressed or were treated with corticosterone or ACTH (Tache et al. 1980 , Charpenet et al. 1982 , Mann et al. 1987 , Srivastava et al. 1993 , Orr et al. 1994 , Maric et al. 1996 demonstrates that glucocorticoids directly affect testosterone biosynthesis. The inhibitory mechanism of glucocorticoids within the Leydig cells can be mediated prior or distal to cAMP formation. The contention that cortisol influences guinea pig Leydig cell function distal to cAMP is supported in two ways. First, progesterone secretion by testes was not different between controls and ACTH-treated animals (Table 2) . Secondly, the in vitro secretion of testosterone by hCG-stimulated testes of ACTH-treated animals was not different from controls (data not shown). These results demonstrate that the activity of neither the testicular cholesterol desmolase nor 3 -hydroxysteroid dehydrogenase was affected by the elevated cortisol plasma levels. In addition, the significant correlation (r s =0·85, P<0·01) between the amounts of androstenedione and testosterone secreted by incubated testes of ACTH-treated animals indicates that the activity of the testicular 17 -hydroxysteroid dehydrogenase was not altered by ACTH. These findings suggest that cortisol inhibits steroidogenesis distal to progesterone and prior to androstenedione formation. It is worth mentioning that similar changes of rat testicular function have been reported recently (Orr et al. 1994 , Maric et al. 1996 . Additional experiments are necessary, however, to elucidate the mechanisms by which elevated cortisol levels inhibit the activities of the 17 -hydroxylase and/or C 17,20 -lyase in guinea pig testes. In summary, ACTH treatment of guinea pigs results in considerably elevated cortisol and strongly reduced testosterone plasma concentrations. The mechanism of cortisol action is independent of the LH plasma concentrations. The in vitro experiments indicate that cortisol directly interacts with the Leydig cells, presumably by inhibiting the testicular 17 -hydroxylase and/or C 17,20 -lyase. Taking the results of comparable investigations in the rat into account, the inhibition of the testicular 17 -hydroxylase and/or C 17,20 -lyase may be due to the increased intracellular cortisol that exceeds the capacity of the 11 -hydroxysteroid dehydrogenase to inactivate it. Furthermore, the results presented here indicate that guinea pigs are especially suited to study the cortisol-induced suppression of testicular function since the changes of cortisol and testosterone concentrations can be measured in serially taken blood samples without major stress for the animals, and the ACTH-induced elevation of endogenous cortisol plasma levels is sufficiently high to suppress testicular function, both in vivo and in vitro.
